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h i g h l i g h t s
• A novelmethod using the soap film technique is developed to create a discontinuous ‘V’ shaped air/ helium interface for Richtmyer–Meshkov instability
(RMI) study.
• The reduction factor is applied to the linear model and the modified linear model is capable to predict the width growth rate of interface with high
initial amplitudes.
• The initial growth rate of interface width is a non-monotonous function of the initial vertex angle, which is found for the first time in a heavy/light
interface configuration.
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a b s t r a c t
The Richtmyer–Meshkov instability of a ‘V’ shaped air/heliumgaseous interface subjected to aweak shock
wave is experimentally studied. A soap film technique is adopted to create a ‘V’ shaped interface with
accurate initial conditions. Five kinds of ‘V’ shaped interfaces with different vertex angles are formed
to highlight the effects of initial conditions on the flow characteristics. The results show that a spike is
generated after the shock impact, and grows constantly with time. As the vertex angle increases, vortices
generated on the interface become less noticeable, and the spike develops less pronouncedly. The linear
growth rate of interface width after compression phase is estimated by a linearmodel and a revised linear
model, and the latter is proven to bemore effective for the interfacewith high initial amplitudes. The linear
growth rate of interface width is, for the first time in a heavy/light interface configuration, found to be a
non-monotonous function of the initial perturbation amplitude–wavelength ratio.
© 2016 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).Richtmyer–Meshkov instability (RMI) [1,2] arises when an in-
terface with perturbations between two different fluids is im-
pulsively impacted by a shock wave. Initially, the instabilities
develop rapidly and reach a nonlinear state where the mixing
layer between light and heavy components exhibits characteris-
tic mushroom-shaped bubbles and spikes. The flow development
is associatedwith transition and turbulentmixing. An understand-
ing of this mechanism for the amplification of the initial interface
perturbations and the associated mixing process is important in
many areas of scientific research, such as inertial confinement fu-
sion [3] and supersonic combustion [4].
The dominant mechanism governing the hydrodynamic insta-
bility is the baroclinic vorticity deposition which results from the
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ture of the interface determine the density gradient, therefore, a
highly accurate initial interfacial condition is crucial for investi-
gating the development of the instability. An inclined interface
provides good conditions for the shock refraction study because
of the unique feature that the incident angle is constant along the
interface edge. The refraction of a planar shock at an inclined in-
terface has been studied extensively [5,6]. However, the postshock
flow field of an inclined interface is seldom investigated experi-
mentally. Thework using organic films [7] andnitrocellulosemem-
brane with a support [8] provided situations for the RMI study of
the inclined interface. Unfortunately, the fragments of the nitro-
cellulose membrane and the support could have unfavorable ef-
fects on the evolution of flow field. Recently, a series of studies on
the RMI of a membraneless inclined interface have been reported
[9–11]. In their experiments [9], the inclined interface is a diffusive
one which will reduce the growth rate of perturbation, and only
light/heavy casewas investigated. In our previouswork [12], a soap
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Z. Zhai et al. / Theoretical & Applied Mechanics Letters 6 (2016) 226–229 227Fig. 1. The interface formationmethod. (a), (b) The arrangement of the fine needles
around the vertex for different cases. (c) The interface formation process. (d) The
images of the interface formed.
film technique was adopted to form five kinds of discontinuous
‘V’ shaped air/SF6 interface with different amplitude–wavelength
ratios. The influence of amplitude–wavelength ratio on interface
width variation was investigated, and some models were tested.
It was found that the interface width growth rate is a non-
monotonous function of the initial amplitude–wavelength ratio,
providing an indirect experimental evidence for the numerical re-
sults of Dell et al. [13]. For a light/heavy case, the perturbation am-
plitude increases immediately after the compression stage, while
for a heavy/light one, the phase reversal needs special considera-
tion.
In this work, a similar interface formation method to the pre-
vious work [12] is adopted to create a ‘V’ shaped heavy/light in-
terface. The interface formed is discontinuous and has no supports
such that the unwanted effects of gas diffusion and support can
be removed. Note that an inclined interface is equivalent to half of
the ‘V’ shaped interface, the boundary effects can also be reduced.
Therefore, it is expected that the experiments could provide a reli-
able result of the RMI of the inclined interface subjected to a planar
shock.
The ‘V’ shaped interface is created by a soap film technique
in which fine needles are introduced as angular vertexes to
connect adjacent sides of soap films. As indicated in Fig. 1(a),
(b), two acrylic plates (3 mm in thickness) with a distance of
20 mm are first adopted to create the interface framework. Then
fine needles (0.2 mm in diameter) are introduced at the vertex
where the number of fine needle is dependent upon the angle
between two adjacent soap films. The effects of the tube wall
on the interface evolution could be largely reduced since the
‘V’ shaped interface boundaries contact the tube wall through
another interface (the flat part) which will not be considered in
experiments. A rectangular frame with the soap film on its surface
is pulled along the interface framework, as shown in Fig. 1(c), and
then a ‘V’ shaped interface can be formed. The schlieren image of
the ‘V’ shaped interface formed is presented in Fig. 1(d) fromwhich
the initial flow field can be clearly identified. In this work, five
‘V’ shaped interfaces with different vertex angles (θ = 60◦, 90◦,
120◦, 140◦, and 160◦) are considered by fixing the initial interface
width (W0) to 80 mm. For the current interface configuration, the
initial amplitude (a0) is defined to be the total extent of the ‘V’
shaped interface, which is twice the usual amplitude for a single-
mode interface. Accordingly, the wavelength (λ) of the ‘V’ shaped
interface is taken as λ = 2W0. The relation among the a0, λ, and
θ is given by a0/λ = 1/4 tan(θ/2). As can be found in Table 1, aTable 1
Experimental parameters for all cases.
Case (θ ) M Frame rate (fps) a0/λ
60◦ 1.20 50000 0.433
90◦ 1.19 50000 0.250
120◦ 1.21 46500 0.145
140◦ 1.19 50000 0.091
160◦ 1.21 54500 0.044
linear initial condition is satisfied only for the cases of θ = 160◦
and 140◦ (a0/λ < 0.1).
Experiments are conducted in the same horizontal shock tube
as in our previous work [14]. The shock tube consists of a 1.7 m
long driver section, a 3.9 m long driven section and a 1.0 m long
test section. The rectangular cross-section of the test section is
155mm×26mm. The incident shockMach number (M) measured
by piezoelectric transducers is 1.20 ± 0.01. Illuminated by a DC-
regulated light source (DCR III, SCHOTT North America, Inc), the
postshock flow field is recorded by a schlieren photography with
a high-speed video camera (FASTCAM SA5, Photron Limited). The
detailed experimental parameters are listed in Table 1. Prior to
experiment, air at the right side of interface should be removed
and replaced by the test gas helium. Once the concentration of
helium meets the requirement, the framework with a formed ‘V’
shaped interface is inserted into the test section slowly, and the
experiment can be performed.
The evolutions of the shocked interfaces are shown in Fig. 2
where the cases of θ = 90◦ and 140◦ are omitted because of
the similarity to the cases of θ = 60◦ and 160◦, respectively. For
all cases, the moment when the incident shock meets the vertex
of the interface is defined as the initial time. When an incident
shock encounters an inclined air/helium interface, a transmitted
shock wave is generated in helium gas, simultaneously, a reflected
wave propagates back into air. Compressed by the incident shock,
the interface amplitude begins to decrease, and an obvious spike
emerges at t = 266 µs for θ = 60◦ due to the baroclinic vortic-
ity deposition. With the spike movement, phase reversal, the spe-
cific feature of a heavy/light interface configuration, occurs (t =
446 µs). As time proceeds, the spike grows in scale continuously
andmany small vortices present at the interface, as can be found at
t = 446–466 µs for θ = 60◦. At late times, the spike becomes the
dominant feature in the flow field. For θ = 60◦, the soap droplets
separate from the interface at late stage. For a heavy/light inter-
face, the velocity induced by vorticity is in the same direction as
the postshock flow velocity. Therefore, more vorticity is deposited
on the interface for the caseswith small vertex angles, resulting in a
fastermovement of the air/helium interface than the soap droplets.
As the vertex angle increases, less vorticity is created on the inter-
face. Consequently, the spike becomes less pronounced and the in-
terface distorts less remarkably. Besides, due to the small vorticity
amplitude, additional velocity of the interface induced by the vor-
ticity is limited, and the small difference in the velocities between
the interface and the soap droplets causes the coupling of them, as
indicated in the cases of θ = 120◦ and 160◦.
After the phase reversal, the interface width begins to grow
from theminimum. For a heavy/light case, Meyer and Blewett [15]
proposed a linear model (MB model) to estimate the initial linear
growth rate v0. The MB model can be expressed as
vMB0 = ∆vkA+
(a0 + a+0 )
2
(t > 0), (1)
where a+0 and k are the postshock initial interface amplitude and
the wave number defined as k = 2π/λ, respectively; ∆v and
A+ are interface velocity jump and postshock Atwood number
(defined as A+ = (ρ+He − ρ+air)/(ρ+He + ρ+air) with ρ+He and ρ+air
being the densities of helium and air after the shock impact),
228 Z. Zhai et al. / Theoretical & Applied Mechanics Letters 6 (2016) 226–229Fig. 2. Experimental schlieren sequences showing the evolution of a shocked air/helium interface for (a) θ = 60◦ , (b) θ = 120◦ , and (c) θ = 160◦ . IS, incident shock; INF,
initial interface; TS, transmitted shock; RW, reflected wave; a0 , initial interface amplitude; a, evolving interface amplitude;W0 , half of interface wavelength.Table 2
The reduction factor R and the initial linear growth rate v0 calculated by the RMB
model [16].
Case (θ ) 60◦ 90◦ 120◦ 140◦ 160◦
R 0.28 0.60 0.75 0.90 0.96
v0 (m/s) 52.35 65.48 46.84 38.68 18.33
respectively. Comparison of the experimental results with the
predictions from the MB model is shown in Fig. 3. For initial
perturbations with small amplitudes that satisfy the requirement
of the linear regime (a0/λ < 0.1), the MB model can provide
a satisfactory prediction. For the initial perturbations with high
amplitudes out of the linear regime, the MB model is invalid and
must be revised. Rikanati et al. [16] proposed a method for the
calculation of initial linear growth rate v0 for initial amplitudes
with different shapes. Compared with the original MB model, a
reduction factor (R) is adopted, and the revised MB model (RMB)
can be described as
vRMB0 = ∆vkA+
(a0 + a+0 )
2
× R (t > 0). (2)
The value of the reduction factor R is different for each vertex angle
θ , and is listed in Table 2. Comparison of the experimental results
with the predictions from the RMB model is shown in Fig. 4. Good
agreements are reached for both the small initial amplitudes and
high initial amplitudes, illustrating the effectiveness of the RMB
model for capturing the width linear growth rate of interface with
high initial amplitudes.
From Table 2, one can find that the interface width growth
rate experiences an increase and then a decrease as the vertex
angle increases. Dell et al. [13] indicated in their numerical work
on a shocked sinusoidal air/SF6 interface that for a given shock
strength and density ratio, the interface width growth rate of
an initial sinusoidal perturbation is a non-monotonous functionFig. 3. (Color online) Comparison ofmixingwidth extracted from the experimental
results with the MB model [15] after the phase reversal. The vertical dotted line
means the time of the shock leaving the interface.
of the initial perturbation amplitude. In our previous work [12],
a ‘V’ shaped air/SF6 interface was considered and the non-
monotonous function of the width growth rate with the initial
amplitude was concluded, which provides the experimental and
theoretical evidences for the numerical results [13]. In this work,
the relationship between the linear growth rate v0 and the vertex
angle θ can be obtained by rewriting Eq. (2),
v0 = π4∆vA
+R cot
θ
2

1+ a
+
0
a0

(t > 0). (3)
According to this formula, the variation of v0 with θ can be
theoretically solved, as shown in Fig. 5, together with the
experimental values. From Fig. 5, the non-monotonicity between
v0 and θ is also found. This is the first time to observe the non-
monotonicity of the linear growth rate with the initial amplitude
Z. Zhai et al. / Theoretical & Applied Mechanics Letters 6 (2016) 226–229 229Fig. 4. (Color online) Comparison ofmixingwidth extracted from the experimental
results with the revised MB model [16] with specific reduction factor listed in
Table 2 after the phase reversal.
Fig. 5. Variation of interface width growth rate with initial amplitude from
experiment (symbols) and theory (line).
for a heavy/light case. In addition, Dell et al. [13] stated that the
value of a0/λ for themaximum linear growth rate lies between 0.2
and 0.4, and it depends only slightly on the shock Mach number
and Atwood number. In our previous work of the air/SF6 interface
configuration [12], themaximumgrowth rate occurs near θ = 90◦,
corresponding to the a0/λ of 0.25, which agrees well with the
numerical results of Dell et al. [13]. In the present work, from
the Fig. 5, a similar conclusion is reached for the first time for a
heavy/light interface configuration.
The Richtmyer–Meshkov instability of a discontinuous ‘V’
shaped air/helium interface is studied experimentally using the
soap film technique to create the initial interface. The interface
formed is free of support and is discontinuous such that the
initial conditions can be accurately controlled. Morphologies of the
shocked ‘V’ shaped air/helium interface for five different vertex
angles are recorded by a high-speed schlieren photography and the
effects of initial interface amplitude overwavelength on themixing
width are highlighted.After the shock impact, a spike forms, and then phase reversal,
a specific phenomenon for a heavy/light interface configuration,
occurs. For small vertex angles, more vorticity is produced on the
interface, resulting in the obvious vortices generation, and the
spike is more noticeable. After phase reversal, the initial linear
growth rates of width are experimentally measured and compared
with the predictions from the linearmodel. The predictions deviate
from the experimental results, especially for large vertex angles,
which is ascribed to the high initial amplitudes. Considering the
reduction factor, a revised linear model can predict the width
linear growth rate of interface with high initial amplitudes.
The experimental and theoretical results also reveal the non-
monotonicity between the linear growth rate and the vertex
angle, which is for the first time found in a heavy/light interface
configuration.
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